In the nearly five decades since its accidental discovery, adeno-associated virus (AAV) has emerged as a highly versatile vector system for both research and clinical applications. A broad range of natural serotypes, as well as an increasing number of capsid variants, has combined to produce a repertoire of vectors with different tissue tropisms, immunogenic profiles and transduction efficiencies. The story of AAV is one of continued progress and surprising discoveries in a viral system that, at first glance, is deceptively simple. This apparent simplicity has enabled the advancement of AAV into the clinic, where despite some challenges it has provided hope for patients and a promising new tool for physicians. Although a great deal of work remains to be done, both in studying the basic biology of AAV and in optimizing its clinical application, AAV vectors are currently the safest and most efficient platform for gene transfer in mammalian cells.
WILD-TYPE ADENO-ASSOCIATED VIRUS DISCOVERY TO VECTORIZATION Adeno-associated virus discovery
In 1965, Atchinson and colleagues observed a small (25 nm) contaminant particle within electron micrographs of their adenovirus preparations (1). These contaminants were purified from adenovirus and applied to cells. They were shown to be nonautonomous, as particle production also required adenovirus coinfection (1) . These defective, small particles were therefore named adeno-associated virus (AAV) which, even to this day (over 50 years later), remains one of the smallest viruses known to man. Consequently, AAV is a very simple virus with a protein capsid composed of 60 capsid subunits, and a ∼4.7-kb single-stranded linear DNA genome that is framed by inverted terminal repeat sequences (ITRs) (2) . Both polarities of the single-stranded genome are individually packaged at similar efficiencies (3) . There are three AAV genes identified to date, which collectively mediate genome replication, site-specific integration, capsid production, and genome packaging (4) (5) (6) (7) (8) . Twelve natural serotypes of AAV have been reported with many additional variants; however, the last 30 years have seen the most work done with AAV serotype 2 because of its amenability to cell culture.
In the case of wild-type AAV, the coordinated expression of viral genes involves complex self-regulatory feedback loops and appears to be mediated primarily by AAV gene products (9) . The employment of these regulatory schemes controls the lysogenic or replicative phase of the viral life cycle which is induced by the presence of a helper virus. Although, AAV was originally described as an adenovirus contaminant, it was later determined that additional viruses, and cellular stress in general, also provide helper functions to induce the AAV replication phase decision (10) . AAV is unique because it represents the only known case of site-specific integration in the human chromosome (5, 6) ; a process that is initiated when AAV infection occurs without a helper virus. In this process the AAV Rep protein interacts with the ITRs on the AAV genome and a very similar sequence (termed AAVS1) uniquely found on human chromosome 19 (reviewed in reference 10). It is thought that the endonuclease activity of the Rep protein mediates strand scission at AAVS1, facilitating host DNA polymerase strand switching, viral genome replication, and subsequent imprecise integration as both a monomer and concatamers in an approximate 1-kb region of AAVS1 (10, 11) . The latent AAV genome remains primarily quiescent until favorable helper conditions shift viral gene expression in a manner that favors genome excision and entry into the replication phase (10) . AAV particle escape relies on the disruption of cellular membranes by helper-virus-induced cell lysis and initiates a new round of the AAV life cycle.
ADENO-ASSOCIATED VIRUS COMPONENTS/VECTOROLOGY Adeno-associated virus capsid
AAV virions have icosahedral symmetry with a triangulation number of 1 (T = 1), representing the simplest structure of all viruses. The capsid surface contains three axes of symmetry; two-fold, three-fold and five-fold. The two-fold axis is characterized by a valley-like depression and represents the thinnest capsid cross-section with the lowest number of contacts between capsid protein monomers in the AAV capsid. The three-fold axis is characterized by prominent spike-like protrusions and contains the known receptor binding sites (12, 13) as well as many of the identified antibody recognition sites (14, 15) . Finally the five-fold axis is comprised of a low, flat pentamer with a prominent central pore that is surrounded by an elevated rim. This pore is the site of genome packaging (16) and is thought to be necessary for the externalization of N-terminal minor capsid protein motifs necessary for AAV infection (16, 17) . Three AAV capsid proteins (VPs) have been identified that are transcribed from the P40 promoter ( Figure 1 ). The P40 transcripts undergo slicing, with one major and one minor splice variant produced. The VPs of all AAVs share a common C-terminus, with VP1 (87 kDa), and VP2 (73 kDa) each having additional N-terminal sequences when compared with VP3 (62 kDa) (18, 19) . FIGURE 1 The adeno-associated virus (AAV) genome is a linear ∼4.7-kb single-stranded DNA which is flanked by inverted terminal repeats. The genome contains three promoters that drive transcription of the viruses replication (REP), capsid (CAP) and assembly (AAP) genes. The first two promoters, p5 and p19, drive transcription of the large (78/68 kDa) and small (52/40 kDa) Rep proteins, respectively. In each case an alternate splice at the end of each transcript results in the smaller variant of each protein (Rep68 and Rep40). Transcription from the p40 promoter produces one large mRNA with an intron. A minor splice variant of this message contains the translational initiation codon (AUG) for the largest capsid protein (VP1), while the major splice variant truncates this sequence. The major splice variant contains a nontraditional translation initiation codon (ACG) at the start of VP2, which is often skipped for the downstream AUG of VP3, the smallest and most abundant capsid protein. The p40 transcripts also contain an alternate reading frame that encodes the assembly activating protein (AAP), which is translated from a nontraditional CUG. doi:10.1128/microbiolspec.MDNA3-0052-2014.f1 VP3 represents nearly ∼90% of the total protein of intact virions, whereas VP1 and VP2 together represent the remaining ∼10% (18, 20, 21) . Only the minor splice variant from the P40 transcript contains the VP1 translational start codon (AUG), so explaining its lower production levels compared with VP3. Likewise, whereas the major splice variant contains translational initiation sites for VP2 and VP3, only the latter uses a traditional AUG whereas the former uses an ACG, which is frequently skipped; this accounts for VP2's lower production levels. Although VP3 alone is capable of assembling into a capsid, the presence of VP1 is critical for successful infection because of the enzymatic and targeting motifs in the 135-amino-acid N-terminal region that is unique to VP1. In contrast, VP2 has a much lower effect on infection, to the point that it is considered nonessential, and can tolerate the addition of large peptides to its N-terminus (22) (a fact further discussed in the AAV receptors section). To date, 12 serotypes (AAV1 to AAV12) and more than 100 variants have been isolated from human and nonhuman primate tissue samples (23) . Among the 12 serotypes, AAV serotypes 1-9 are currently being developed as gene therapy vectors because of their broad tissue tropisms. A review of these serotypes and their receptor preferences is given in Table 1 .
To date, the crystal structure of AAVs 1-9 have been determined using X-ray crystallography (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . Cocrystal structures of AAV serotypes 2, 5, and 6 with respective capsid receptors (e.g., heparin sulfate and sialic acid) have furthered the molecular understanding of AAV virus/receptor interactions (37) (38) (39) (40) . In solving the structures of intact AAV capsids, only the common C-terminal-most ∼520 amino acids are typically observed (VP3 common region), with the remainder of the sequence (VP1 and VP2 unique regions) believed to either be disordered or in a nonicosahedral symmetry, which is assumed when solving these structures. When the AAV capsid structure is compared to other parvoviruses (adenovirus, parvovirus B19, canine parvovirus, feline parvovirus, minute virus of mice, and porcine parvovirus), the core of the protein is comprised of a remarkably conserved eight-stranded anti-parallel β-barrel motif among all parvoviruses. Structural differences between AAVs and other parvoviruses can primarily be mapped to their surface topology, which accounts for their binding to different receptors and the resulting tissue tropisms ( Table 1 ). The surface loops equivalent to those making up the three-fold protrusions were found to be the most variable among serotypes. This variable region spans the center of the primary capsid sequence (residues ∼440 to 600, AAV2 VP1 numbering); whereas residues located at the N-and Ctermini are conserved (27) . Variations within these loop regions are also thought to eliminate antibody recognition of serotypes AAV1 and AAV3-9 (41, 42) . These observations highlight the conservation in capsid structure and yet illustrate the significant diversity of AAV serotype capsids and their ability to exploit multiple cell surface receptors, mediate successful intracellular trafficking with altered efficiencies/kinetics, and elicit specific humoral immunity.
Adeno-associated virus genome
The 4.679-kb AAV2 genome displays the rep, cap, and aap genes in the sense orientation, flanked on either end by 145 nucleotide ITRs. There are three promoter sites ( Figure 1 ), P5, P19, and P40. The first two promoters drive transcription of the large (78/68 kDa) and small (52/40 kDa) replication (Rep) proteins, with the large Rep proteins containing a unique N-terminal domain in addition to the sequence shared with the small Reps. The smaller variants of both the large and small Reps are produced by splicing the P5 and P19 transcripts ( Figure 1 ). As previously mentioned, the P40 promoter is responsible for producing transcripts that are spliced and translated into VP1-3. Recently, an additional open reading frame involved in particle assembly, termed the assembly activating protein (AAP), was found nested within the cap gene (8) ( Figure 3 ). AAP is thought to directly interact with the capsid protein's Note: Does not include mutated variants with alternate receptor usage. FGFR1, fibroblast growth factor receptor; HGFR, hepatocyte growth factor receptor; HSPG, heparan sulfate proteoglycan; PDGFR, platelet-derived growth factor receptor; SA, sialic acid. conserved C-terminus, serving as an assembly scaffold (8, 60) .
The AAV ITRs can assume a T-shaped structure (43) and exist in two conformations termed "flip" or "flop" and generated during the rolling hairpin mechanism of replication (44) . There are three salient features of the AAV ITR that are required for vector production: (i) a 16-nucleotide tetrameric repeat (GAGC) sequence that is specifically bound by the Rep68/78 proteins termed the Rep-binding element (RBE), (ii) a sequence within the ITR internal hairpin that serves to orient Rep68/78 towards its resolution site termed RBE' (45) (46) (47) (48) (49) , and (iii) the terminal resolution sequence (trs), which is the site of the strand-specific Rep68/78 endonuclease activity (44, (50) (51) (52) . The N-termini of the larger Rep proteins contain a DNA-binding domain, as well as strand-specific endonuclease activity, necessary for initiating replication during virion production and sitespecific integration (46, (53) (54) (55) (56) . The C-terminal portion of Rep68/78 is required for multimerization and confers helicase activity which, in part, extrudes a putative nicking stem within the ITR sequence (54, 57, 58) . This conformational change presents the trs loop structure to the endonuclease domain of RBE-bound Rep68/78. Rep then induces a strand-specific nick at the trs forming a 5′-phosphotyrosyl tether between Rep and the trs (52, 54, 59) . In AAV genome replication, this allows for the resolution of the double-stranded intermediate and the subsequent replication of both ITRs ( Figure 2 ). The smaller Rep proteins (Rep 52 and 40) also maintain these C-terminal properties. The temporal regulation of AAV gene expression is, in large part, controlled by Rep68/78 but is specific to the intracellular environment (reviewed in reference 10).
Adeno-associated virus vectorology
In 1982, the entire AAV2 genome was cloned into the pBR322 plasmid (pAAV). In that work it was demonstrated that transfection of pAAV into human cells, in the presence of adenovirus, resulted in the production of AAV2 particles (4) . Shortly thereafter, it was shown that the viral genes (rep, cap, and aap) were not necessary in cis for genome replication and particle production, and were effectively complemented by another plasmid without the AAV ITRs (129) . The key observation was that a transgenic sequence placed between the 145-nucleotide plasmid-borne ITRs could be used for AAV "vector" production in the presence of Rep, Cap, and AAP supplied in trans (61, 62) . This result suggested that AAV capsids did not have genomic packaging signal sequences required for virion production. Additionally, at the time, these data made AAV vectors among the most efficient mobile contexts for human gene delivery, and did so in the complete absence of any viral genes (61, 62) . Furthermore, in the absence of the Rep proteins, site-specific integration at AAVS1 did not occur and therefore, the majority of AAV vector genomes persisted as stable episomes with low levels of "random" integration (reviewed in reference 10).
The initial demonstrations of recombinant AAV (rAAV) production, however, were complicated by the presence of the now "contaminating" adenovirus particles, which initially appeared necessary for rAAV production because they provided the necessary "helper" functions. To overcome this limitation, the necessary adenoviral genes were cloned and supplied on a plasmid, so eliminating contaminating adenovirus particles from rAAV production (62, 63) . Despite over FIGURE 2 Adeno-associated virus (AAV) genome replication is primed by the 3′ inverted terminal repeat (ITR), and primarily uses the host pol δ (A). The genome is replicated through the 5′ ITR (via strand displacement), yielding a double-stranded (dsDNA) intermediate (B). The newly generated 3′ ITR (produced when copying the 5′ ITR) then primes replication in the opposite direction (C). At the same time, the AAV Rep protein, bindings to the Rep-binding element (RBE) on the original 3′ ITR, and cuts the lower strand at the terminal resolution site (trs), generating a free 3′ end (C), which allows for the replication of the original 3′ ITR (D) and the production of a new single-stranded (ssDNA) genome as well as another dsDNA intermediate (E) which is fed back into the replication cascade. This replication mechanism results in the production of ssDNA genomes of both polarities, which are then packaged into the capsid. In the case of self-complementary (scDNA) vectors, one of the ITRs is mutanted (mITR) to remove the trs, and prevent resolution of the double-stranded intermediate. This resulting replication scheme (detailed in the right column) yields a self-complementary genome that at its center contains the mITR, which is never nicked and which serves as an intermolecular hinge. This hinge acts to form a duplex genome immediately upon uncoating and bypasses the typical need for secondstrand synthesis that serves as a bottleneck for ssDNA vectors. doi:10.1128/microbiolspec .MDNA3-0052-2014.f2 FIGURE 3 Adeno-associated virus (AAV) vector production. (A) Tradition AAV vector production begins with transfection of mammalian cells (commonly HEK 293) with three plasmids. The first provides the Cap proteins from the chosen AAV serotype in conjunction with Rep from AAV2. This plasmid lacks inverted terminal repeats (ITRs), ensuring that the Rep/Cap sequences are not packaged into AAV capsids and no replication-competent virus is made. The Genome plasmid contains the chosen transgene sequence flanked by ITRs, which are necessary for packaging and genome replication. In the case of ssDNA vectors, transgene cassettes up to 5 kbp can be packaged with high efficiency, whereas scDNA vectors can accommodate cassettes half that size. The third plasmid provides in trans the adenovirus genes that are necessary for AAV replication. It is common to see this plasmid and the Rep/Cap plasmid combined in a single large construct for simplified production. (B) After 48-72 hr cells are harvested and lysed. Vectors can be purified by either column chromatography or density gradient centrifugation, which can separate AAV from contaminating cellular proteins as well as separating empty capsids from genome-containing particles. It is not uncommon to see at least two purification steps employed for high purity vectors and column-based methods can vary depending on the serotype being purified. (C) Vector quantitation is most often performed by measuring DNase-resistant genomes by real-time PCR. In cases where verification is needed for the separation of full and empty capsids, this genome titering is combined with an ELISA-based assay for capsid protein. doi:10.1128/microbiolspec.MDNA3-0052-2014.f3 30 years of research on AAV vector production, this "helper-free" rAAV production strategy remains the most widely used method and relies, in its most basic embodiment, on transfection with three plasmids: (i) pRepCap (provides the viral genome excluding the ITRs, (ii) pITR-sequence* (provides a variable sequence to be packaged as the transgenic genome), (iii) pAdeno-help (provides the helper functions for vector genome replication) ( Figure 3 ); reviewed elsewhere (64).
ADENO-ASSOCIATED VIRUS VECTOR TRANSDUCTION AND OPTIMIZATION Adeno-associated virus receptors
Most of our current knowledge of AAV receptor usage comes from cell culture studies that have used a combination of biochemical and genetic tools. AAVs exploit several different types of glycans as primary attachment receptors and use a broad range of cell surface receptors to mediate cellular uptake. Receptor usage varies by serotype, though heparan sulfate proteoglycan, terminal galactose (Gal), and several linkage variants of sialic acid (SA) constitute the currently identified glycan repertoire for known AAVs ( Table 1 ). The unique combination of specific glycan and entry receptor affinity is believed to be the primary cause for the different tissue tropisms seen among the serotypes, although there is evidence for post-entry restriction in some cell/tissue types (65) (66) (67) (68) . Structural, biochemical, and genetic studies have helped to identify the glycan-binding regions for AAV1-6 (69-72) and AAV9 (73) . This has enabled a wide variety of experiments that have directly used this structural information in an attempt to alter the natural trafficking patterns of AAV. As an example, a single mutation (AAV2 585E) in the AAV2 heparin-binding footprint abolishes AAV2 heparin binding and results in a different transduction profile (cardiac versus hepatic tropism) in vivo (74) . As a natural extension of such results, rational design studies of AAV capsids have looked at swapping the critical motifs for primary receptor binding sites between different serotypes and in one example, demonstrated that an AAV2/AAV8 chimera (AAV2i8) displays an altered transduction profile as the result of such a swap. AAV2i8 selectively transduces cardiac and whole-body skeletal muscles with high efficiency while losing liver tropism (75) . Further studies integrating the AAV9 Gal binding residues into the AAV2 capsid (AAV2G9) have found that AAV2G9 has dual receptor function and exploits Gal and heparan sulfate receptors for infection (76) . Of particular interest, AAV2G9 retains a similar tropism to AAV2 but confers more rapid onset and higher liver transgene expression in mice. The strategy of domain swaps continues to be actively used and is just one tool available for generating custom tropism.
Further efforts to tailor AAV tropism and to generate AAV capsids with unique properties have exploited two broad strategies: capsid modification with targeting molecules and generation of novel AAV capsids through directed evolution. Efforts in the former have included the insertion of targeting domains such as integrinbinding motifs (77), antibody domains (78) , and other targeting peptides (79) (80) (81) (82) (83) into the outer variable loops of AAV. In each case, there were some promising results with novel tropism or the ability to infect previously refractory cell types. Unfortunately these successes were modest in their ability to infect new cells in culture and even more so in vivo, and more often resulted in viruses that were defective for infection. Subsequent work has shown that insertional modification is highly sequence specific (79, 84) , suggesting that it was difficult to predict sites and peptide candidates for successful large capsid insertions. As AAV is a small and relatively simple virus it is not surprising that large insertions into the capsid proteins are often difficult to tolerate. An alternative strategy for retargeting has used the fact that VP2 is both nonessential and able to tolerate large additional sequences at its N-terminus, which would subsequently be displayed on the capsid surface (22, 85) . Although this has been a successful strategy for decorating the capsid with a myriad of proteins such as GFP, the main pitfalls of this approach have traditionally been the retention of native capsid tropism, which competes with any retargeting molecule and low copy number of targeting molecules. This latter problem is the result of VP2 being a minor capsid protein, and while recent efforts (86, 87) have combined this VP2-based approach with detargeted vectors with some success, the problem of low copy number remains. The upper size limit for VP2based tags is also not clearly defined and appears to be at least partially sequence dependent.
Conversely, directed evolution as a strategy has sought to generate new capsid properties without previous mechanistic knowledge. Early directed evolution strategies relied on phage display libraries to generate peptides that would bind to a desired target and that would then be inserted into the AAV capsid (88) (89) (90) (91) (92) (93) . Such strategies are an extension of the capsid insertion approach previously discussed and also had to contend with the fact that successful peptide capsid insertion is highly sequence specific. Hence, subsequent attempts transitioned to random peptide insertion followed by selection to ensure that peptide inserts would bind their molecular targets in the context of the capsid (83, (94) (95) (96) (97) (98) (99) . Others have taken a more holistic directed evolution approach by generating libraries of novel AAV sequences either by random mutagenesis (100-102) or shuffling of capsid sequences across multiple serotypes followed by selection on either a target cell population (99, (103) (104) (105) (106) (107) or in vivo (108) (109) (110) (111) (112) (113) . The latter approach in particular has been successful in yielding capsids with conserved and functional interiors and novel tropism. Although AAV offers a compelling platform for gene therapy, the rigorous and widely varying demands of a broad range of clinical applications will ensure that the efforts to augment and tailor the natural biology of AAV will continue.
Adeno-associated virus vector trafficking/uncoating
A broad overview of recombinant AAV transduction is provided in Figure 4 . This is believed to be the same process as occurs with wild-type infection, with the exception of gene transcription, which in wild-type virus is controlled by the genome and in recombinant vectors is dictated by the promoter in a given expression cassette. AAV has traditionally been thought to exploit clathrinmediated, dynamin-dependent endocytosis (114) (115) (116) (117) (118) . However, a growing body of work suggests that this is only one of several entry pathways that different AAVs can use with evidence implicating the caveolin pathway (119, 120) , as well as the clathrin-independent carrier mediated/glycosylphosphatidylinositol-anchoredprotein-enriched endosomal compartment-associated (CLIC/GEEC) pathway (121, 122) . There is evidence to suggest that different AAV serotypes may be able to use different entry pathways based on their native receptor tropism, which may help to explain the post-entry restriction seen in some cell types (65) (66) (67) (68) 123) . Furthermore, although ablation of native receptor binding often results in an attenuation of infection in cell culture (AAV2 non-heparan sulfate proteoglycan-binding mutants), the same effect is not always seen in vivo, where mutants often show altered tissue tropism instead of an outright defective phenotype (74, 103, 124) . AAV trafficking post-entry has been associated with a broad range of organelles from both the endosomal (88, 116, 121) and caveolin (120, 125) pathways, and appears to be influenced by a wide range of factors such as initial route of entry and initial infecting dose (126, 127) . Despite the relative uncertainty over the exact trafficking route of AAV, all productive pathways share the common feature of leading to an acidified compartment. AAV trafficking through acidified endosomal compartments is required for infection. Either a pharmacological block of endosomal acidification (116, 121, 128, 129) or a bypass of the endosomal system via microinjection of AAV into the cytoplasm (3, 4, 88, (130) (131) (132) (133) , results in a failure to achieve vector transgene expression. An acidic environment has been shown to lead to structural transitions in the AAV capsid (85, 134) , which activate an autocatalytic protease activity within the capsid (86, (134) (135) (136) and prime the capsid for externalization of the VP1 N-terminal domains (88, 135) . The VP1 Nterminus is critical for infection and contains a phospholipase A2 domain (94, 137) along with a broad range of signaling motifs (100, 136, 137) including several nuclear localization sites (103, 104, 135, 137) . Although mutation of the PLA2 domain is highly detrimental to infection and results in the perinuclear accumulation of virus, it also appears by itself to be insufficient to facilitate endosomal escape of the 3-MDa parvovirus capsid (108, 110, 112, 138, 139) . It may however enable the virus to display the signaling motifs of the V1 Nterminus on the exterior of small vesicles, so enabling AAV to guide its own trafficking to the perinuclear region along the microtubule network while still contained in vesicles (114, 140, 141) . Whatever the exact mechanism of endosomal escape, AAV does enter the cytoplasm where a portion of the infecting virions is subjected to phosphorylation and targeting for proteasome-mediated degradation (119, (142) (143) (144) The use of proteasomeinhibiting drugs (121, 140, 141) and surface tyrosine mutants (123, 135, 141) both result in notable increases in AAV transduction. AAV enters the nucleus as an intact capsid, most likely via active transport across the nuclear pore complex (103, 124, 141) . The presence of the intact AAV capsid in the nucleus is necessary for productive infection (88, 124, 145, 146) and a carefully choreographed trafficking of the capsid to and from the nucleolus appears to influence the timing of uncoating and the success of vector-delivered transgene expression (125) . There is also some evidence that genome uncoating does not involve the complete disassociation of the capsid and that the capsid may play a role in gene expression after genome uncoating (126) .
Adeno-associated virus vector genome fate
Single-strand DNA vector genomes are uncoated within the nucleus and form discrete foci whose abundance directly correlates to the transduction efficiency (128, 147) . The generation of a DNA molecule competent FIGURE 4 Adeno-associated virus (AAV) vector infectious pathway. (A) Infection is initiated by capsid binding to cell-surface receptors. In the case of AAV serotype 2 this is a two-step process involving binding to a primary glycan receptor followed by binding to a protein receptor that mediates endocytosis. Classical AAV2 internalization is believed to be a clathrin-mediated, dynamin-dependent process, although other pathways have been implicated. (B) AAV traffics through the endosomal system where it is exposed to a low-pH environment that triggers the externalization of the VP1/2 unique regions and activation of the auto-catalytic capsid protease. Exposure to the low-pH environment is necessary for productive AAV infection. (C) Escape from the endosomal compartment is mediated by the VP1 PLA2 domain, and AAV uses several nuclear localization signaling motifs to traffic to the nucleus and enter, most likely via the nuclear pore complex (NPC). (D) AAV uncoats its genome in the nucleus. In the case of single-stranded DNA vectors, second-strand synthesis must first occur before transcription, creating a bottleneck in the transduction process. Self-complementary (sc) vectors use a single mutant inverted terminal repeat (ITR) in conjunction with both + andstrands to produce a genome that is double-stranded upon uncoating so bypassing second-strand synthesis, albeit at the cost of lower packaging capacity. After a double-stranded genome is formed transcription and translation are driven by the transgene cassette and are not virus-specific. doi:10.1128/microbiolspec.MDNA3-0052-2014.f4 for transcription is dependent upon the genome concentration within the nucleus. When vector genomes are limiting, second-strand synthesis mediated by, minimally, DNA polymerase delta, is primed by the 3′ ITR giving rise to a duplexed, yet still single-stranded, genome ( Figure 2) (3, 4, 130-133, 142, 146 ). Additionally, it has been demonstrated that AAV vector genomes, when present in the nucleus at high concentrations, can also form double-strand molecules via opposite polarity single-strand genome annealing (134, (148) (149) (150) . Regardless of the exact mechanism of second-strand generation, it is apparent that target cell replication is not necessary and that most, if not all, cell types appear to have the necessary functions to allow this aspect of AAV vector transduction. Following the generation of a duplexed DNA molecule, the vector genome primarily remains episomal and circularizes via intra-and intermolecular ITR linkages shortly after infection (134-136, 142, 151) . Using circularization-dependent AAV vectors in dividing cell cultures, it was demonstrated that RecQ helicase family members, Mre11, Nbs1, and ATM are required for efficient vector genome circularization (135, 148, 151) . In nondividing skeletal muscle fibers, ATM and DNA-PKcs were necessary for genome circularization wherease Nbs1 was not (137, 151, 152) . Consistent with these in vivo data, elegant work performed in the mouse liver demonstrated that Artemis and DNA-PKcs process the AAV ITRs and promote the circularization/ concatamerization of vector genomes, which is also supported by other reports (62, 136, 137, (153) (154) (155) (156) . Collectively, with regards to the generation of persistent AAV vector episomes, it appears that the circularization event is probably mediated at the ITRs by different DNA repair pathways; homology directed repair in dividing cells and nonhomologous end joining (NHEJ) in terminally differentiated tissues (135, 137, 157) . One of the unique features of AAV vector transduction is the remarkably long-term transgene expression from the AAV vector episome (138, 139, 158) . In general, these molecules are resistant to overt transcriptional silencing and have been demonstrated to produce the transgene product for over 4 years in humans following a single injection.
It is well appreciated that the rAAV transduction elicits a DNA damage response within the host cell, which influences the overall efficiency of transduction. In general, several factors have been identified that appear to inhibit, directly or indirectly, rAAV transduction. For instance, rAAV transduction in dividing cells deficient for ATM, a key regulator of double-strand break repair, is dramatically increased, an effect attributed to enhancement of second-strand synthesis (140, 141, 159) . Interestingly, several forms of DNA stress (UV, hydroxyurea , mytomycin C) also increase AAV vector transduction (142, 143, 157) , although not in the absence of ATM (140, 141, 155, 156) , further supporting the notion that ATM inhibits rAAV transduction at the genome level. This supposed inhibitory effect, however, is not necessarily specific to ATM, as DNA-PKcs and Rad52 are also implicated in this process, indicating the involvement of both primary DNA repair pathways, homologous recombination (HR) and NHEJ (135, 141, 155, 156) . In the absence of both Ku86 and Rad52, rAAV transduction increases, and consistently both Ku86 and Rad52 have been found to bind AAV genomes following vector transduction (137, 141) . In addition, Mre11, a key sensor of damaged DNA normally considered part of the HR pathway, in conjunction with Nbs1 and Rad50, also appears to inhibit AAV transduction (145, 146, 160) . A fascinating study in mice demonstrated that downregulation of DNA repair proteins, in particular the Mre11-Rad50-Nbs1 (MRN) complex, via terminal differentiation coincided with increased AAV vector transduction (146, 155, 156, 160) . In addition to loss of DNA repair proteins involved in HR during terminal differentiation, cells also exited the cell cycle to a quiescent state, therefore complicating the assignment of discrete roles for particular proteins in the inhibition of rAAV transduction (61, 62, 146) . In particular, the role of intact cell cycle checkpoints, and the growth phase in general, also appear to affect transduction and furthermore, confound the direct implication of cell cycle regulators, such as ATM and p53, as controllers of AAV vector transduction. As mentioned above, several genotoxic stresses that also arrest the cell cycle result in increased transduction (9, 147) . The mechanism of this enhancement is not completely understood but could be explained by the sequestration of repair factors that are reported to inhibit rAAV transduction away from the AAV genome (such as the MRN complex). However, this explanation, and the actual role of the cell cycle in AAV transduction, is probably not attributable to a single event. For instance, exit from the cell cycle in vivo increases transduction, whereas an earlier report demonstrated that cells in S-phase are transduced much better (200-fold increase) compared with nondividing cells (142, 146, 158) . Interestingly, in wild-type diploid cultured cells, AAV transduction has been reported to induce cell cycle arrests at both the G1 and G2/M checkpoints (148-150, 161, 162) . However, it has been our observation that in cells defective for particular cell cycle checkpoints, transduction increases initially, perhaps due to a quicker entry into S-phase (142, 151, 161, 162) . In fact, in the absence of normal checkpoint functions, such as in p53-deficient cells or human embryonic stem cells, it has been reported that AAV vector transduction results in cell death (148, 151, 163) . The reasons for the rAAV mediated cytotoxicity remain unclear and are probably cell-typedependent; however, ITRs have been implicated as stalled replication forks and/or perhaps forming Gquadruplex/quartets, both of which would induce DNA damage cascades from human telomeres (151, 152, 164) .
Although the majority of AAV vector genomes persist as episomes, as with all exogenous DNA, a low percentage will undergo illegitimate host genome integration (62, (153) (154) (155) (156) (164) (165) (166) . One major factor influencing this largely undesirable event is whether or not the cells are actively replicating/dividing (157, 167) . It has been reported in dividing cell cultures that illegitimate integration of AAV vector genomes occurs at DSBs within the host genome and that efficiencies can be as high as 1% of transduced cells (158, 166, 167) . Furthermore, induced DSBs, either by general genotoxic stress or by a site-specific endonuclease, resulted in the illegitimate integration of rAAV genomes with microhomologies, deletions, and insertions present at the integration junctions (159, (168) (169) (170) (171) . In contrast, an early investigation in a nondividing bronchial epithelial cell line demonstrated no AAV vector integration despite transduction in over 90% of the cells (157, 158) . In addition to cellular replication, AAV vector integration prefers CpG islands and demonstrates a modest inclination towards actively transcribed regions (155, 156, 172) . Consistently, a bias for vector integration was demonstrated at ribosomal DNA repeats (155, 156, 172) . A large analysis of rAAV integration events in multiple murine tissues found that 30% of all integration events occurred near DNA palindromes, which are known sites of chromosome instability (137, 173) . Another report found that AAV vector integration in mice occurred, in all cases, in actively transcribed genes, further demonstrating the potential risk of oncogenesis following insertional mutagenesis (160, 174) . Hence, it appears that AAV vector integration is not random, and the efficiency probably depends on the species, the cell type, and the phase of the cell cycle (155, 156, 160, 174) . These collective reports imply that fragile DNA sequences and or replication-induced damage of the host chromosome both facilitate the incorporation of AAV vector DNA, and probably exogenous DNA in general.
ADENO-ASSOCIATED VIRUS VECTOR APPLICATIONS
Adeno-associated virus vectors have been employed as DNA delivery vehicles for diverse applications with a primary focus on gene addition and gene editing and strategies.
Gene addition
The vectorization of AAV described above was the seminal discovery for mobile DNA applications in mammalian cells including clinical gene therapy (61, 62, 175) , reviewed in references 9 and 175. Since then, the most popular use of AAV vectors has been gene addition strategies in which a gene, or more often cDNA, is placed within an expression cassette and packaged in the virion. The design and production of such vectors is straightforward when adherence to the AAV capsid packaging capacity (<5 kb) is respected. Key elements for these gene addition vectors include a promoter, cDNA or a gene, followed by a poly-adenylation sequence situated between the AAV ITRs (as depicted in Figure 2 ). Considering these elements, customization towards the specific application is possible (i.e. tissuerestricted promoters); however, as these sequences are not specific to AAV vectors they will not be discussed here. Regarding AAV vector-specific enhancements for gene addition applications, a pivotal advancement was spurred by the observation that transgenic cassettes less than half the size of the AAV genome (≤2.3 kb) packaged both monomer and dimer single-strand DNA species that had the capability to form a duplex vector genome through antiparallel single strand complementarity (158, 174, 176) . Shortly thereafter, two reports demonstrated that these dimer species could be intentionally induced using a plasmid containing a wild-type ITR sequence, transgenic DNA (≤2.3 kb) and a truncated ITR in which the trs is deleted and therefore, is deficient for Rep-induced resolution of the typical double-stranded AAV genome intermediate ( Figure 2) (161, 162, 177) . Effectively, the deleted ITR functions as an intragenomic hinge, promoting the base pairing of antiparallel DNA arms capable of duplex formation (Figure 2) , and as such were termed self-complementary AAV (41, 161, 162, 178) . These vectors have consistently demonstrated earlier transgene onset and in general, a more than five-fold enhancement compared with single-strand AAV vector transduction (reviewed in reference 163). In hemophilia B patients, the increased transduction efficiency by self-complementary AAV vectors has effectively allowed therapeutic correction at lower administered doses, which importantly decreases immunological complications. On the other end of the spectrum, AAV large gene (>5 kb) transduction has been extensively studied (reviewed in reference 164). These approaches all rely on host-mediated assembly of partial transgene cassettes and are currently of three general types: (i) overlapping vectors, (ii) trans-splicing vectors, and (iii) fragment AAV vectors. Regarding the most efficient strategy for AAV large gene delivery, reports have been somewhat conflicting (164) (165) (166) . A recent report demonstrated that the repair mechanism of trans-splicing AAV and fragment AAV vectors for large gene transduction is inherently different (167) , suggesting that the observed differences may be attributed to the specific DNA repair pathways present in different tissues (166, 167) . In general, all of the collective approaches can mediate large gene transduction in vivo, albeit at a significantly decreased efficiency when compared with intact AAV vectors.
Gene editing
Another application of rAAV is as a tool for gene editing of specific sites in the human chromosome via HR. Notably, work primarily from the Russell laboratory has demonstrated that rAAV genomes are enhanced (up to 10,000-fold) for gene editing compared with other substrates, such as plasmid DNA whose efficiency of gene editing is approximately 1 in a million (168) (169) (170) (171) . In the process of rAAV-mediated gene editing, a repair sequence is used as the transgenic DNA that exhibits homologous arms to the target site with the desired modification preferably placed near the middle of the homology (158) . Once inside the nucleus, the vector DNA may interact with chromosomal regions of homology, which stimulates repair via synthesis-dependent gene conversion and/or by direct strand incorporation (172) . The reliance on the Rad51/54 pathway (172) suggests that this pathway is classical HR and, as such, would restrict AAV gene editing to cycling cells, which has been reported (173) . Despite this academic understanding of HR, AAV gene editing has corrected a murine model of hereditary tyrosinemia type 1 (174) . In this model, AAV gene-edited cells have a selective survival advantage, which is important to increase the relatively low correction efficiencies. As there appears to be a balance between HR and NHEJ, Paulk et al. elegantly demonstrated that genetic or drug inhibition of NHEJ increased AAV gene editing nearly 10-fold (174) . AAV gene editing has also been reported as a potential treatment for epidermolysis bullosa simplex (175) . In that work, AAV gene editing was coupled with a promoter trap clonal recovery strategy to correct the KRT14 mutation, a mutation in the basal epidermal keratin 14 protein, ex vivo in patient keratinocytes. The corrected cells were then expanded to levels relevant for skin transplant in these patients (175) . These in vivo results suggest that AAV gene editing via HR occurs in the diseased liver and keratinocytes and have the ability to permanently correct disease mutations at the level of the host chromosome, especially when a selection scheme is employed (174, 176) .
ADENO-ASSOCIATED VIRUS IN THE CLINIC
Adeno-associated virus is naturally replication deficient, and requires a helper virus to complete its life cycle. This fact, along with a lack of any known pathogenicity makes it an attractive candidate as a gene transfer vector for both clinical and research applications. The low immunogenic profile (177) and the ability to transencapsidate AAV2 ITRs with different serotype capsids (41, 178) , in order to expand vector tissue targeting potential (179, 180) , make AAV a versatile tool in the clinic. This versatility is enhanced by AAV's ability to infect both dividing and nondividing cells and to establish stable long-term gene expression (139, 181, 182) , with a low risk of deleterious integration into the host genome (reviewed in reference 183). It is therefore not surprising that AAV has been in used in over one hundred clinical trials, for a broad range of conditions including systemic inherited monogenic diseases such as hemophilia (184, 185) and diseases in the central nervous system (186) , eye (187) (188) (189) (190) (191) (192) , muscle (193) , and heart (194) . These trials have served to repeatedly highlight the safety, efficacy, and versatility of AAV as a clinical tool and its potential as a future widespread therapeutic platform.
The eye, with its immunoprivileged status (195) and plethora of established analytical tests (196) , offers an attractive target for gene therapy. One of the prominent recent successes for gene therapy has been the AAV2based treatment of Leber's congenital amaurosis (LCA). While LCA can be caused by mutation in several genes, it consistently results in the early onset of retinal degeneration and is the most prevalent cause of childhood blindness (197) . AAV-based clinical trials have focused on a subset of LCA caused by loss of function mutations in the retinal pigment epithelium-specific protein 65kDa (RPE65) gene (187) (188) (189) (190) (191) (192) . In a normal eye, photosensitive pigments in the retina mediate the conversion of light to electric signals. One such pigment, 11-cis-retinal is converted to all-trans-retinal when exposed to light, which initiates a chemical cascade that ultimately leads to an electrical signal that can then be interpreted by the brain. RPE65 mediates the conversion of all-transretinal to 11-cis-retinal, so recycling this key pigment and allowing for the visual cycle to continue. The therapy was based on the subretinal delivery of an rAAV2 vector carrying a functional copy of RPE65, which restores the conversion of all-trans-retinal to 11-cis-retinal, and would allow for the repeated signaling from photoreceptors (198) . So far 30 patients have received this treatment and have demonstrated lasting improvements in visual fields, nystagmus, dark-adapted perimetry, and mobility in low light (187) (188) (189) (190) (191) (192) . The success of these early trials, and the gene-therapy friendly attributes of the eye have led to eight more clinical trials being initiated to treat retinal diseases with rAAV, including a phase III trial targeting LCA (http://www.abedia.com/wiley).
Although the success of LCA clinical trails is both impressive and encouraging, currently there is only one clinically approved, commercial therapeutic that is based on AAV gene delivery. Glybera ® is an AAV1based therapeutic that delivers a mutant lipoprotein lipase (LPL S447X ) gene via intramuscular injection, for the treatment of lipoprotein lipase deficiency (199) , an inherited disease that often leads to hyperlipidemia, recurring pancreatitis, and liver failure. The LPL S447X variant is a truncation form of LPL, which naturally occurs in 20% of the population and is associated with increased lipolytic function and an anti-atherogenic lipid profile [reviewed in (200) ], so making it ideal as an LPLD therapeutic. It received European Medical Agency (EMA) approval in 2012 for use in patients with genetically confirmed lipoprotein lipase deficiency who have experienced repeated pancreatitis attacks despite dietary restrictions. In clinical trials, Glybera showed a good safety profile and demonstrated efficacy in decreasing the frequency and severity of pancreatitis (199, (201) (202) (203) . These results are admirable, but continuing work on vector optimization promises to deliver even more effective and targeted AAV-based therapeutics in the future. A glimpse of the progress that has been made in the vector development arena and its direct effect on clinical trial outcomes is afforded by the hemophilia B clinical trial at St. Jude.
ADENO-ASSOCIATED VIRUS CAPSID/TRANSGENE HUMAN IMMUNE RESPONSE Cell-mediated response
One property of AAV vectors that has been traditionally touted as an advantage has been low immunogenicity, as compared to other viral vectors such as adenovirus. The low efficiency with which AAVs transduce professional antigen-presenting cells such as macrophages and dendritic cells (67, 204, 205) was suspected as the reason behind their relatively low immunogenicity. That said, the production of cytotoxic T lymphocytes (CTLs) in response to capsid protein was documented in animal models transduced with wild-type AAV (206) (207) (208) ; however, such studies determined that the response was a byproduct of artificially overexpressed capsid protein and not relevant in the context of rAAV vectors. Even after initial human trials for hemophilia B revealed clearance of AAV-transduced hepatocytes by suspected anti-capsid CTLs (185) , animal models once again failed to replicate the same phenomenon (209) . These results highlighted the discrepancy between the inbred murine immune response and that of human patients, suggesting that better tools are necessary for characterizing anti-AAV immunity and evaluating any potential immunomodulatory strategies.
As hinted above, the first clinical trial using hepatic artery infusion of an AAV2-based clotting factor IX (F.IX) vector saw in patients who received the highest vector dose (2 × 10 12 vector genomes/kg), clearance of vector-transduced hepatocytes. The same patients were able to initially produce therapeutic levels of F.IX but subsequently experienced an asymptomatic elevation of liver transaminases, accompanied by a drop in F.IX production (185) . Follow-up studies revealed that the transaminitis was most likely due to AAV capsid-reactive CTL-killing of transduced hepatocytes. This initial study demonstrated therapeutic effects using AAV and showed that the relatively modest CTL activation appeared to be dose dependent, so leaving open the possibility that this issue could be addressed in the future by immunomodulation and increased vector efficiency (lower vector dose).
A second clinical trial, used peripheral vein infusion of AAV8, F.IX-expressing vector and was able to produce significantly higher, clinically relevant levels of transgene expression while using the same vector dosing schedule as the first trial (184) . As in the previous trial, the two patients receiving the highest vector doses displayed a transient increase in liver enzymes, suggesting the onset of a capsid-targeted CTL response. As this possibility was anticipated, these patients were immunosuppressed with glucocorticoid therapy and saw a subsequent drop in liver enzymes and a continuation of therapeutic transgene production. This trial confirmed that the human anti-AAV CTL response was dose dependent and that it could potentially be managed with immunosuppressive therapy. Subsequent trials, such as the AAV1-based LPL (210) demonstrated similar dosedependent CTL activation that appeared to be independent of route of administration.
Humoral response
As AAV is ubiquitous in nature, the majority of the human population (95% of individuals) has been exposed to AAV2, with approximately 50% of the population having capsid neutralizing antibodies (NAbs) that can inhibit rAAV transduction (42, 184, 190, (211) (212) (213) (214) (215) (216) (217) (218) . The prevalence of NAbs in children is lower, ranging from 13 to 25% (216, 219) . As a result, screening for NAbs is a prerequisite before enrollment in AAV2-based clinical trials, with high pre-existing titers being a parameter for exclusion. This criterion immediately limits the broad applicability of rAAV for disease treatment until further optimization generates the ability to evade NAbs in what may likely be a patient-specific manner (patient-specific AAV capsids). Although 11 additional AAV serotypes have been explored for gene therapy purposes, minimal cross-reactivity of NAbs has been demonstrated among these types in animals (218, (220) (221) (222) (223) . However, in humans, recent studies have shown that different degrees of NAb cross-reactivity exist between AAV2 and other types (213, 214, 220, 224) . Collectively, there is a lower prevalence of NAbs against AAV1, -5, -6, -7, and -8 than against AAV2, supporting the use of other natural capsids as a means to evade AAV vector neutralization by NAbs (213, 214) . Additionally, studies have aimed to map NAb epitopes to the capsid surface (14) in the hope that any conserved epitopes could be mutated away, generating serologically nonreactive vectors. While those efforts are ongoing, initial results, which have mapped multiple antibody epitopes to the three-fold protrusions of the AAV capsid, have suggested that such a mutagenesis based-strategy may result in capsids that are also compromised for infection. Alternately, a decoy strategy has been put forward, using empty vector particles, which are normally present in rAAV preparations and are typically purified out (225) . This strategy relied on empty capsids as antibody decoys, and was shown to provide for an increase in transduction in the face of a challenge with NAbs. Although the strategy is simple and effective it does present the obvious shortcoming of introducing even more AAV capsid protein into patients; something that has repeatedly been shown to generate a CTL response as discussed above. As AAV continues to expand into the clinic, and more work is done to characterize the interaction between the vector and host immune systems, new strategies will inevitably emerge to meet the challenge presented by pre-existing NAbs and the anticapsid CTL response.
